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*& TEMPERATURE MEASUREMENTS WITH THERMOCOUPLES I N  COMBUSTION GASES 

W.Alvermann and P.Stottmnn 

For temperature measurements i n  combustion gases by means 

of thermocouples, corrections are suggested f o r  compensat- 

ing t h e  e r ro r s  due t o  t h e  veloci ty  of t he  medium, radiat ion,  

and heat conduction. The possible errors by ca ta ly t i c  e f f ec t s  

when using thermocouples of noble metals a r e  studied. Experi- 

mental results f o r  d i f fe ren t  probes show t h a t  t h e  corrected 

values are i n  good agreement. 

e l e c t r i c a l l y  eliminating the rad ia t ion  e r r o r  by a resis tance 

heating. The data  corrections are tabulated,  and the  tempera- 

t u r e  data  are plotted f o r  various themcoup les .  &&* 

A method is  described f o r  
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1 . Introduction L2 

I n  invest igat ions on j e t  power plants it is necessary t o  make accurate 

local temperature measurements i n  t h e  gas j e t s .  

out  t h e  use of probes will yield data on the  temperature p ro f i l e  only under ex- 

tremely i d e a l  experimental conditions, t he  use of a pyrometer of some type is 

indispensable. 

are used as thermoelectric data  t ransmit ters  . 
( f o r  example, PtRh/Pt and IrRh/Ir) a re  used s ince they  best  meet the  require- 

ments m d e  on thermels f o r  use i n  measurements within flame gases (Bibl.l),  

Since measuring methods with- 

I n  t h e  temperature range up t o  200° K ,  primarily thermocouples 

Here, noble metal thermocouples 
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specifically, chemical s t a b i l i t y ,  mechanical s t rength,  high melting p i n t .  How- 

ever, it m u s t  always be taken in to  consideration t h a t  e r ro r s  of measurement, 

produced by c a t a l y t i c  effects ,  may occur i n  noble-metal thermocouples. 

Since, with respect t o  temperatures i n  flowing gases, a d i f f e ren t i a t ion  , 
must be mde  between s t a t i c  and t o t a l  temperature, a static temperature probe 

is  generally used f o r  t he  measurements, i n  which the  ve loc i ty  of the gas is  

"stagnated" t o  a low veloci ty  (w < 0.1 Mach) 

' 

, 
A complete stagnation of t h e  gas, 

however, must not take place since t h i s  would cause the  gas t o  cool,  due t o  

heat exchange with t h e  wall of the  probe. I n  addi t ion t o  the  influence of t he  

gas ve loc i ty  on t h e  measuring accuracy, a point t o  be taken in to  consideration 

is t h e  e r r o r  of measurement produced by heat d i ss ipa t ion  and radiation. 

I n  t h i s  report ,  we w i l l  describe t h e  procedure f o r  a tes t -data  correct ion 

Simultaneously, we w i l l  attempt t o  i n  temperature measurements with thermels. 

answer t h e  question whether, i n  addi t ion t o  the  instrument e r ro r s ,  e r ro r s  might 

be produced by catalytic e f f ec t s  when using noble-metal t h e m c o u p l e s .  

2. Notations /8 

A 

R 

Q 

T 

Re 

Ma 

Nu 

Pr 

c, 

(m" 1 = Area 

kP-m ) 
( kg deg = Special  gas constant 

( k d  = Heat quantity 

(0 K) = Temperature 

( / I  = Reynolds number 

(/> = B c h  number 

(/I  = Nusselt number 

(/I  = Prandtl number 
k c a l  

) = Black-body rad ia t ion  constant 
( m" h r  de$ 
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CP 

d 

P 

4 

CY 

€ 

U 

P 

m 
(see") 

1 
kcal 

m” h r  deg 
( 

( kg-sec 1 m 
(m” /sec) 

= Specific heat capacity a t  constant pressure 

= Diameter 

= Acceleration of gravi ty  

= Wessure 

= Length 

= Heat transfer coeff ic ient  

= Emissivity 

= Adiabatic exponent 

= Density 

= Dynamic v iscos i ty  

= Kinematic v i s  cos i t y  

3 .  Catals4,ic Effects  i n  Measurements with Noble-Metal Thermocouples 

3.1 Catalyt ic  Act ivi ty  of Some Noble Metals 

The ca t a ly t i c  a c t i v i t y  of some noble metals ( for  example, platinum, 

\ 

1 

, 

19 

LE 

pallad- 

ium, iridium) i n  many chemical reactions - f o r  example, hydrogenation react ion,  

ammonia oxidation - i s  w e l l  known. Under t h e  influence of surface forces ,  pro- 

duced by these metals, a molecular degradation takes place already a t  low t e m -  

peratures.  This e f f ec t  can be explained by an ac t iva t ion  of t h e  hydrogen o r  

oxygen, absorbed by t h e  noble metal. 

I n  air-breathing engines, working with hydrocarbons as fue l ,  gas mixtures 

are present whose react ions can be i n i t i a t e d  o r  accelerated under t h e  influence 

of ca t a lys t s .  Thus, i n  measuring the  temperature of these gases by means of 

noble-metal thermels t he re  i s  t h e  danger that, because of c a t a l y t i c  e f f ec t s ,  

ce r t a in  react ions,  i n  which thermal energy is  l ibera ted ,  are released a t  t h e  



probe. 

perature no longer corresponds t o  t h e  gas temperature prevai l ing a t  t h e  t es t  

point . 

This increases t h e  temperature of t h e  probe so t h a t  t h e  indicated t e m -  

Consequently, before using noble-metal thermocouples, a check tes t  must 

be run t o  determine whether t h e  resu l t  might be f a l s i f i e d  by ca t a ly t i c  e f f ec t s . .  

This i s  spec i f i ca l ly  t h e  case i n  investigations on combustion chambers of j e t  

engines, i n  which a noble-metal thermel i s  most su i t ab le  f o r  l oca l  temperature 

measurements, f o r  mechanical and thermal reasons. 

I 

This raises t h e  question as t o  the type of gas mixture and the  degree of 

temperature a t  which c a t a l y t i c  e f fec ts  must be expected. 

3.2 Catalyt ic  Ef fec ts  a t  Temperatures below t h e  Igni t ion  
Temperature of t h e  Fuel-Air Mixture 

A t  temperatures below t h e  igni t ion temperature of a mixture of f u e l  (C,H,) 

and air ,  there  i s  no doubt t h a t  reactions are released due t o  the  ca t a ly t i c  

e f f e c t  of a PtRh/pt o r  IrRh/Ir t hemcoup le .  Gas mixtures of t h i s  type exist 

i n  t h e  mixing zone within the  combustion chambers of j e t  engines, a t  t h e  p i n t  

a t  which the  injected f u e l  mixes with a i r  and with t h e  r e f lwdng  combustion 

gases. 

/11 

Using t h e  t es t  se tup  shown i n  Fig.1, measurements were  mde  with PtRh/Pt 

and IrRh/Ir  thermels. 

temperature) a i r  stream of the  combustion chamber 2, and t h e  temperature of t h e  

mixture was then measured. Since t h e  f u e l  

was s t i l l  present i n  droplet  form i n  the mixture, t h e  hot junction of t h e  

thermocouple was cooled so much that a temperature r ise,  produced by the  pos- 

s i b l y  l ibera ted  heat of reaction, was  not detectable  

F i r s t ,  f u e l  (JP-1) was introduced i n t o  the  cold (room 

No ca ta ly t ic  e f f ec t s  were detected.  

By preheating the  a i r  t o  about 300" - 60CfC i n  t he  combustion chamber 1, 
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it was c lea r ly  demonstrated t h a t  t h e  use of FtRh/Pt and IrRh/Ir thermels induced 

reactions,  due t o  the  ca t a ly t i c  e f f ec t  of t he  noble metals. The l ibera ted  heat 

of reac t ion  led t o  a heating of the  hot junction, s o  that t h e  indicated thermo-: 

e l e c t r i c  po ten t ia l  no longer could be considered a c r i t e r i o n  f o r  t he  gas t em-  1 

perature. The a i r  i n  the  combustion The experiments were conducted as follows: 
I 

Combus t i on  chamber 

\ t 
A 2 
'4 

i A b f 
3p-1 I Test point 

Ignited Not ign i ted  

Fig.1 Test Setup f o r  Detection of Catalyt ic  Effects 

chamber 1 was heated unti l ,  on en t ry  in to  t h e  combustion chamber 2, the  tempera- 

t u r e  of t h i s  was j u s t  below the  ign i t ion  temperature of t h e  gas mixture used 

(JP-1 - 6 5 8  C,  a t  a gas veloci ty  i n  the combustion chamber of about 80 m/sec) . 
Then, various amounts of f u e l  were injected in to  the  combustion chamber 2. A t  

t h e  o u t l e t  of the  combustion chamber 2, t h e  temperature was measured with a 

noble-metal thermel and with a N i C r / M i  thermocouple. 

Figure 2 shows the  indicated temperature, as a funct ion of t h e  fue l -a i r  /12 
r a t io .  

in jec ted  fuel  removed heat of evaporation from the  a i r ,  t he  data  obtained with 

Since no combustion took place i n  the  combustion chamber 2, whereas t h e  

t h e  N i C r / N i  thermocouple showed the  expected course of t h e  gas temperature. 

The values  obtained with a noble-metal thermel (ptRh/Pt and IrRh/Ir) , however, 
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deviated grea t ly  from t h e  above r e su l t  and showed much higher temperatures. 

determined a l so  op t i ca l ly ,  a combustion took place a t  the  noble-metal junctions, 

presumably due t o  the  catalytic ac t iv i ty  of t h e  noble metals. The data  obtained 

with PtRh/Pt and IrRh/Ir thermocouples were not reproducible. The reason most 

l i k e l y  is  a change i n  surface condition (contamination) of t h e  hot junction, 

espec ia l ly  s ince a cleaning of t h i s  junction - i.e., an  increase i n  t h e  cata- 

lyt ical ly  ac t ive  area - resul ted i n  a considerably higher temperature reading. 

As 

A confirmation f o r  t h e  assumption that t h e  reactions on t h e  thermocouples 

- and thus a l so  t h e  e r ro r s  of measurement - were due t o  t h e  ca t a ly t i c  a c t i v i t y  

of t h e  noble metals, was obtained i n  the following manner: 

wires were coated with A l a & .  

The noble-metal 

This caused t h e  measured values t o  become t h e  

same as those obtained with a N i C r / N i  thermocouple. I n  these  experiments, it 

was found that only an i n t e g r a l  coating of AL&, preventing any d i r e c t  contact 

between gas and metal, is  a guarantee f o r  preventing erroneous measurements due 

t o  c a t a l y t i c  e f f ec t s  (see Fig.2). 

Consequently, i n  invest igat ions on combustion chambers of air-breathing 

engines, no uncoated PtRh/F% o r  IrRh/Ir thermocouple m u s t  be used i n  t h e  mixing 

zone and i n  determining t h e  t r ans i t i on  from the  mixing zone t o  t h e  react ion 

zone, i n  which the  f u e l  reac ts  with t h e  o q g e n ,  because of t h e  f a c t  t h a t  cata- 

l y t i c  e f f e c t s  will f a l s i f y  t h e  t e s t  resu l t .  

e f f e c t  increases with t h e  temperature, up t o  t h e  spontaneous-ignition point of 

t h e  mixture, and is  dependent on the  fue l -a i r  r a t i o  a t  t h e  t e s t  point. 

mre, the re  i s  a l so  a dependence on the prevail ing surface condition of t he  

thermocouple wires, s o  t h a t  t he  magnitude of t h e  e f f ec t s  i s  not reproducible. 

When using noble-metal thermocouples, catalytic e f f ec t s  i n  gas mixtures of un- /14 

burned hydrocarbons and oxygen can be prevented by coating t h e  wires with A&& 

The magnitude of t h e  ca t a ly t i c  

Further- 
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O f  course, i n  t he  above investigations,  it is s t i l l  necessary t o  check whether 

t he  probe i tself  may a c t  as a mechanical obstruct ion of t h e  flame and thus in- 
I 

f luence 

3 -3  

I n  

by heat 

t h e  posit ion of t h e  react ion f ront .  

Catalyt ic  Effects  a t  Temperatures above the  Igni t ion  
Temperature of Explosive Fuel-Air Mixtures 

a hydrocarbon-air mixture, t o  which t h e  ac t iva t ion  energy is supplied 

conduction, t he  influence of the c a t a l y t i c  e f f ec t  of t he  noble metals 

is  no doubt dependent on t h e  combustion veloci ty .  It can be assumed t h a t ,  a t  a 

low combustion rate, the  ca t a ly t i c  a c t i v i t y  of t he  metals acce lera tes  t h e  reac- 

t ions .  

without ca t a ly t i c  influence, it cannot be expected t h a t  t h e  reactions on the  

noble-metal thermocouples are intensif ied.  

chambers of j e t  engines i n  which high combustion ve loc i t ies  prevai l ,  erroneous 

measurements due t o  the  ca t a ly t i c  effects  are hardly expected. 

was confirmed by measurements w i t h  uncoated PtRh/Pt thermocouples and by com- 

parat ive measurements using probes with gas t igh t  A b &  coatings, i n  an experi- 

mental combustion chamber 

I n  an  explosive mixture, i n  which t h e  reactions take  place spontaneously 

In the  react ion zones of combustion 

This assumption 

I n  gases i n  which hydrogen o r  carbon monoxide i s  present i n  such low con- 

centrat ions compared t o  t h e  a i r ,  that t h e  m i x t u r e  i s  not explosive, it m u s t  be 

expected t h a t  the  above noble metals a c t  as ac t ive  catalysts. Consequently, i n  

measuring t h e  temperature a t  the  ou t l e t  of a combustion chamber there exists 

t h e  danger t h a t ,  a t  incomplete combustion of the  f u e l  (C, Y ) , an  aftercombustion 

takes  place on the  noble-metal thermel which w i l l  r e s u l t  i n  erroneous neasure- 

ments. Naturally, i n  addi t ion t o  the heat  l ibera ted  per u n i t  time a t  the  hot 

junct ion,  t h e  heat t r ans fe r  coefficient CY, which is decis ive f o r  t h e  transfer 
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of t h e  heat of react ion t o  the  gas, determines t h e  difference between t h e  tem- 

perature of t h e  thermel and t h e  temperature of t h e  gas. 

I n  t h e  invest igat ions,  described i n  Sect ion 6, no c a t a l y t i c  e f f ec t s  of /Ij 

t h i s  type could be found. The difference between t h e  tes t  r e s u l t s ,  when using 

a n  uncoated and an AbG-coated PtRh/Pt thermocouple, could be a t t r i bu ted  t o  t h e  

measurement e r r o r  produced by the  d i f f e r ing  heat emission. 

3.4 Catalyt ic  Effects  i n  a Reducing Atmosphere 

During pyrometry i n  reducing gases, when using a noble-metal thermocouple, 

no erroneous measuring r e s u l t s  due t o  exothermal catalytically-induced react ions 

a t  t h e  hot junction are expected. 

reduction of oxides may be i n i t i a t e d  o r  accelerated,  causing the  l i be ra t ion  of 

corrosive elements which, under formation of compounds, migrate along t h e  grain 

boundaries in to  t h e  noble metals. 

t r i c  propert ies  and an embrittlement of t h e  wires. 

thermocouples, t he  main responsible fac tors  f o r  a shortening of t h e  thermocouple 

l i f e  are, spec i f ica l ly ,  t h e  elements phosphorus, s i l i con ,  and s u l f u r  released 

from t h e  ceramics of t h e  protecting tube o r  from the  gas by reduction. 

However, because of t h e  ac t ive  catalysts, t h e  

This r e s u l t s  i n  a change of t he  thermoelec- 

I n  t h e  case of ptRh/pt 

4. Required Data Corrections i n  Measurements with a 
S t a t i c  Temperature Probe 

/16 

4.1 Systematic E r r o r  of Measurement i n  Thermometry 
with Thermocouples 

In  l o c a l  temperature measurements i n  gases, t h e  thermoelectric data  pickup 

indica tes  the temperature of  t he  probe (i.e., i n  t h e  case of thermocouples, t h e  

temperature of t he  hot junction). 

gas temperature t o  be measured. 

T h i s  temperature i s  not i den t i ca l  with t h e  

The difference between t h e  indicated and t h e  

10 



t o t a l  temperature of t he  gas is  due t o  t h e  following instrument errors :  

A t  t h e  hot junction of t he  thermocouple, the 

gas is  not completely converted in to  thermal 

f ac to r ) .  

The heat d i ss ipa t ion  and 

t h e  heat emission by t h e  hot junction r e s u l t  

of t h e  measuring element. 

k ine t i c  energy of t he  

energy (recovery I 

i n  a temperature drop 

To eliminate t h e  influence of the  gas veloci ty  t o  t h e  grea tes t  possible 

extent ,  a s t a t i c  temperature probe (as shown i n  Fig.3), i n  which t h e  ve loc i ty  

of t h e  gas is  reduced, i s  generally used. 

.-. - . . 

Fig.3 S t a t i c  Temperature Probe 

/17 The poss ib i l i t y  of keeping t h e  diss ipat ion and rad ia t ion  e r r o r  t o  a 

negl igible  magnitude by s t r u c t u r a l  measures, such as an increase i n  the  length 

of t h e  thermocouple exposed t o  the hot gas o r  

sh ie lds ,  can be realized only i n  part because 

loads above 1500' C ,  due t o  material reasons 

t h e  attachment of rad ia t ion  

of t he  high thermal and mechanical 

Therefore, it i s  necessary i n  most 

11 



cases t o  perform a data  correction. The t o t a l  correction, as the  sum of indi-  

where 
ATw = correction f o r  veloci ty;  

= correction f o r  radiat ion;  

ATd (I = correction f o r  dissipation. 

4.2 Determination of the  Velocity Correction 

Since not a l l  of t h e  k ine t i c  energy on the  theme1  i s  converted in to  

thermal energy, t he  following relat ion,  according t o  def in i t ion ,  is  val id:  

The magnitude of t he  recovery factor-depends on t h e  layout of t h e  probe 

and on t h e  state of t he  flow. 

type shown i n  Fig.3 i n  which the  thermocouple wires are arranged p a r a l l e l  t o  the  

When using a s t a t i c  temperature probe, of the  

d i r ec t ion  of flow, t h e  recovery fac tor  w i l l  be r = 0.86 f 0.09 (Bibl.2) within 

the  region of Mach 0.1 t o  Mach 1.0. 

The s t a t i c  gas temperature ( T S i )  i n  the  probe, as shown i n  Fig.3, is ob- 

tained from t he  r e l a t ion  - 

o r  

Thus, t h e  following expression i s  obtained f o r  t h e  ve loc i ty  - correction: LE 

1 + * (H - 1) Ma: 

12 



The gas veloci ty  wi , required f o r  determining of Mal, i s  obtained, a t  a t o t a l  

temperature Tt,  t , from 

with Tt,  = T, + ATcor r , estimated. 

Using the  continuity equation 

and t h e  assumption that, i n  t h e  vents o f  t h e  probe ( h ) ,  t h e  same s t a t i c  pres- 

sure  

ing  expression is  obtained f o r  the  gas ve loc i ty  (wi) i n  t h e  probe: 

and thus a l s o  t h e  same veloci ty  as i n  t h e  free j e t  prevai l ,  t he  follow- 

- 

Using t h e  ad iaba t ic  r e l a t ion  

we obtain 
1 

Since t h e  s t a t i c  pressure ps i  i n  t h e  probe is  not known, the  quant i ty  wl is  

first calculated under t h e  assumption t h a t  t h e  t o t a l  pressure and t h e  t o t a l  

temperature preva i l  within the  probe. 

This w i l l  y i e ld  /19 

(4.7) 

The possible correct ion f o r  t he  assumption is obtained by i t e r a t ion ,  using 
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eq.(4.3) and t h e  following relat ion:  

4.3 Determination of t he  Radiation Correction I 

The thermocouple, i n  t he  static temperature probe, is  i n  rad ia t ive  exchange 

with t h e  inside wall 

produced by t h e  heat 

Stefan-Bolternann l a w  

, 

of t h e  probe. 

t r a n s f e r  by radiation, i s  obtained on t h e  basis  of t he  

of t o t a l  radiation: 

The magnitude o f  t he  e r r o r  of measurement, 

I' - . -. 

Here, cP is  the  emissivity of t h e  thermocouple wires, e,, is  the  emissivity of 

t h e  ins ide  wall of the  probe., and C, = 4.96 

rad ia t ion  constant. The quantity A, is the area of t h e  thermocouple, decis ive 

is t he  black-body kcal  
m" h r  deg' 

f o r  t he  rad ia t ive  exchange, and Awl i s  t h e  corresponding area of the  d i f fuse ly  

rad ia t ing  inside wall of t h e  probe (Bibl.3). 

If t h e  area of t h e  inside w a l l  of t h e  probe is  much la rger  than t h e  area 

of t h e  thermocouple, p rac t ica l ly  only t h e  radiat ion f a c t o r  of t he  thermocouple 

is decis ive f o r  determining the  radiat ion correction. W e  then obtain 
- 

The temperature TWi of the inside wall of t h e  probe must be measured o r  

else, by means of 

t h e  outs ide wall. 

conditions a t  t h e  

a heat balance, determined from t h e  measured temperature of /20 
For determining the heat t r ans fe r  coef f ic ien t  CY,, t he  flow 

hot junction of the  thermel must be determined. The Reynolds 



number i s  obtained from the r e l a t ion  

It is suggested t o  use here t h e  formula with t h e  dynamic viscosi ty ,  s ince 

the  kinematic v i scos i ty  u i s  generally tabulated only f o r  1 a t m .  The densi ty  P '  

of t h e  flow medium is obtained from the mean temperature between gas and wall: 

Under t h e  assumption t h a t  no dissociat ion t a k e s  place, t he  following rela- 

t i o n  i s  val id ,  according t o  McAdams, f o r  a spherical  r e l a t i v e  flow a t  Reynolds 

numbers of 20 t o  150,000: 
I 

(4 12) h = 0.33 ReQe . 
If t h e  hot junction of t h e  thermocouple does not have a spherical  shape, 

then,  f o r  t he  case of blunt-welded thermocouple wires, t h e  equation by Scadron 

and Warschawsky (Bibl. 2) 

can be used, 

t h e  Reynolds 

meter d,  and 

-_ 
" \  

-74 ~ Nu a (0.085 f 0.009) RO (4.1W 

which is val id  f o r  round w i r e s  exposed t o  longi tudinal  flow. 

number and the  Nusselt number must be referred t o  t h e  wire dia- 

t h e  physical constants m u s t  be referred t o  t h e  t o t a l  temperature 

Here, 

T t o t  of t h e  gas. Equation (4.12a) i s  va l id  f o r  Reynolds numbers of 100 - 10,000. 

Using t h e  Nusselt number, the  heat t r ans fe r  coeff ic ient  w i l l  be 

N U *  A 8 
= p (4.131 

where X i s  t h e  thermal conductivity of t he  gas. 



4.4 Determination of t h e  Dissipation Correction /al 

In  determining t h e  error of measurement, produced by heat diss ipat ion,  t h e  

thermocouple wires are considered as cylinders with a length 4 and a diameter d, 

whose t i p s  have the  temperature T, of the  hot junction of t h e  thermocouple and ~ 

whose toes  have t h e  temperature To. 

ance with the  heat t r ans fe r  coeff ic ient  c y p ,  is  supplied with heat f r o m  t h e  gas, 

a t  a temperature T t o t .  

The  surface of these cylinders, i n  accord- i 

1 

If the heat supply a t  the  f r o n t a l  area i s  neglected, t h e  

following expression i s  obtained f o r  t h e  d i ss ipa t ion  correction: 

with 

where is  the  t h e r m 1  conductivity of t he  thermocouple wire. 

When using a s t a t i c  temperature probe (Fig.3), t h e  length 4 m u s t  be sub- 

s t i t u t e d  by the  dis tance between the  hot junction and t h e  vents,  s ince an  a p  

proximately constant heat t r ans fe r  coefficient can be expected only f o r  t h i s  

pa r t i cu la r  segment. Consequently, t h e  t oe  temperature To is  the  temperature of 

the  t h e m w i r e  a t  t h e  l e v e l  of the vents. However, i n  most cases, t h i s  tempera- 

t u r e  cannot be measured. If the  immersion depth of t h e  uncooled probe in to  the 

hot gas is large with respect t o  t h e  diameter, t he  e r r o r  of measurement due t o  

heat d i ss ipa t ion  is usual ly  negligibly small (see Section 8 ) .  The order  of mag- 

nitude of t he  d iss ipa t ion  e r ror ,  according t o  eq.(4.14.), is  obtained on subst i -  

t u t i n g  t h e  temperature To by t h e  temperature of the  ins ide  wall of t h e  probe 

(T, ). 

tube,  is known (distance f r o m  the  hot junction: 4 + 4' ), a more accurate deter-  

If the  temperature of the  t h e m w i r e s  T, , a t  t h e  i n l e t  t o  t he  protecting 

mination of t h e  d iss ipa t ion  correction can be obtained by means of t h e  re la t ion  
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T t o t  - TW + @ t o t  - T i o t )  (cosh (a'.c' ) - 1) ! , 
(4.15) 

- 
Q l r r  - 

cosh (a.4) cosh (a'4' ) (1 + -& tanh (ad) tanh (a'4' ) 
a 

Here, it is assumed that, over t he  length e, heat  i s  supplied t o  t h e  t h e m -  

wires from t h e  gas a t  a temperature Tt, , i n  accordance with a heat t r ans fe r  

coef f ic ien t  CY whereas, over t h e  length .e' , heat exchange with t h e  gas of a t e m -  

perature T i o t ,  i n  accordance with a heat transfer coeff ic ient  d , takes place. 

I n  eq.(4.15), t he  heat t r a n s f e r  along the  f r o n t a l  area has again been neglected. 

/22 

4.5 CheckinR the  Data Correction by Heat Balance 

A poss ib i l i t y  of checking the  test da t a  i s  given by calculat ing the heat 

balance f o r  t h e  probe head. Let us consider here, f o r  t he  case of a s t a t i c  

temperature probe of the  type shown i n  Fig.3, the  probe wall of a length .err f r o m  

the  gas i n l e t  t o  t h e  vents. This segment of t h e  probe jacket receives a radia- 

t i o n  energy Q e x  f r o m  t h e  external f l o w  and an energy by convective heat trans- 

fer  of QE e x  as well as an energy & i n ,  t ransferred f r o m  t he  in t e rna l  f l o w  by 

convection. In  addi t ion,  t h i s  segment receives the  thermal energy Q t h  by 

r ad ia t ion  from the  thermocouple. These amounts of heat must be i n  equilibrium 

with t h e  amounts of heat diss ipated by rad ia t ion  Q and by d i s s ipa t ion  Qi s s  . 
The balance then w i l l  read 

Because of the  r e s t r i c t ed  accuracy of heat-transfer calculat ions,  t h i s  

equation cannot be used as a determinant equation f o r  the real temperature pre- 

va i l i ng  a t  t h e  t e s t  point. However, t h e  equation yields  a poss ib i l i t y  t o  check 
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whether t h e  order of magnitude of t h e  data correction had been correct or 

. whether t he  r e su l t  had been f a l s i f i e d  by instrument errors of measurement ( f o r  

example , catalytic e f f ec t s )  . 
I 

For the  energy, supplied t o  t h e  probe casing from the  gas jet by radiationb 
I 

t h e  following is valid:  
, 

I t r .  (4.173 
c 

loo4 Q a x  = 6 t o t  64 c8 - 
The s t a t i c  temperature of  t h e  gas i s  obtained from the  r e l a t ion  

The heat,  convectively diss ipated toward the  outs ide of the  protecting tube & 
i s  

Since t h e  same conditions exist on the outer  surface of t he  protecting tube as 

on t h e  p l a t e  exposed t o  longi tudinal  flow, t h e  following expression i s  obtained 

according t o  J h g e s  and Merkel (Bibl.4) f o r  t h e  Nusselt number i n  the  case of 

turbulent  flow: 

a C a x * l M  t 

Nu = -?- = 0.057 Reoe7'* Proi7' , 

or, according t o  E.Schmidt (Bibl.5), f o r  ve loc i t ies  of w > 5 m/sec, 

The physical constants i n  these equations refer t o  the  mean value of t he  

gas temperature and of t he  wall temperature. I n  gas flows of high veloci ty ,  i n  

which t h e  hea t  produced by f r i c t i o n  can no longer be neglected, t h e  s t a t i c  t e m -  

perature T, must be replaced by the  charac te r i s t ic  temperature Te (Bibl.3, 6): 

18 



I 

I n  t h e  equations f o r  t h e  heat t r ans fe r  coeff ic ient ,  t h e  physical constants ac- 

cording t o  Eckert (Bibl.3) must be referred t o  t h e  following temperature: I 

I 

T" = T, + 0.5 (T, - T I )  + 0.22 (T, - TI) (4 22) 
I 

I 

The heat, convectively t ransferred f r o m  t he  gas flow i n  the  probe t o  t h e  pm- 

t ec t ing  tube, will be 

where A w l  is t h e  i n t e rna l  surface of t h e  protecting tube,  of a length &. 

The heat t r ans fe r  coeff ic ient  CY, is  obtained from Hansen's formula 

(Bibl.3, 4) f o r  f u l l y  formed laminar flow (Re < 2320) i n  pipes: 

r 

of o b 0 0 0 1  t o  10. The Reynolds num- 4 ,  
which is  val id  within the  region 

Re*Pr*di 
ber  must be formed with t h e  inside diameter di of the  probe, 

W l ' .  P l  . dl 

9 
Re = 

The reference temperature f o r  t h e  physical constants i s  the  s t a t i c  temperature 

of t h e  gas flow while the  reference temperature f o r  VTWi i s  t h e  wall tempera- 

ture .  

The thermal energy, t ransferred f r o m  t he  thermocouple t o  the i n t e r n a l  wall 

of the  protecting tube by radiat ion,  when neglecting the  heat d i ss ipa t ion ,  w i l l  

read 
(4.25) 



where 
A = surface of t he  t h e m w i r e s ,  of a length C; 

cyp = heat t r ans fe r  coeff ic ient  along t h e  thermowires . 
I 

Since t h e  amount of heat which, within the  protect ing tube, flows from t h e  I 
ins ide  toward the  outs ide must agree with the  wall temperatures, the  following ' 

r e l a t ion  is va l id  i n  first approximation: 
I I 

Using eqs.(l+.21), (4.23), o r  (4.9) and (4.24) as basis and neasuring the  ou te r  

wall temperature Two of t h e  protecting tube,  t h e  inner  wall temperature T w i  can 

be calculated. 
, 

The thermal energy, radiated by the protecting casing toward the  outside,  ~ 

w i l l  be 
m 4  

Here, it is assumed t h a t  t h e  surrounding area Ao,, a t  a temperature o f  Tm, is  

considerably l a rge r  than AH. 

I n  first approximation, t h e  amount of heat given of f  by the  protecting /25 
tube by heat d i ss ipa t ion ,  is  as follows: 

(4.28) G r q  1c AM' L r  ( ' L r  - To) a tanh (a 4,) 
with 

I 

cu, + at , a;2 = 
A M  s 

Here, 
T w i  = wall temperature at the f r o n t a l  area; 

Lr = cross-sectional area of t h e  protecting tube; 

To = wall temperature a t  the height of the  vents;  

s = wall thickness of the  protect ive casing, s 4 (di + $)/2; . 
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cyo = heat t r ans fe r  coeff ic ient  on the  outer  surface of t h e  protecting 

tube ; 

cyi = heat t r a n s f e r  coeff ic ient  on t h e  inner surface of t h e  protecting 

tube. 

5. Test Data Correction f o r  a Thermocouple i n  Transverse Flow /26 

When using a probe of the  type shown i n  Fig.4, i n  which t h e  t h e m w i r e s  

are perpendicular t o  the  d i rec t ion  of gas flow, the  tes t -data  correction is ob- 

ta ined i n  a manner similar t o  t h a t  used f o r  t h e  s t a t i c  temperature pmbe. 

1 I 

I I 
i 

I 

Fig.4 Themcouple Arrangement; Direction of Gas Flow 
Perpendicular t o  the  Wires 

The ve loc i ty  correction, a t  the h c h  number Ma prevail ing a t  t h e  test 

point,  is obtained i n  accordance with eq.(4.4). 

(Bibl.2), t h e  following is  va l id  for the recovery f a c t o r  i n  t h e  Mach-number 

According t o  another report  

region o f  0.1 t o  1: 

r = 0.68 f 0.07. 

I n  a tes t  setup, i n  which the  surface of the  t h e m c o u p l e  i s  small w i t h  
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respect  t o  the  area a t  a temperature T, 

t h e  rad ia t ion  correction w i l l  read 

with which it is i n  rad ia t ive  exchange, 

The heat t r ans fe r  coeff ic ient  aP, i n  t h e  Mach-number region of Ma = 0.015 t o  0.9 

and a Reynolds number of Re = 100 t o  10,000 i n  accordance w i t h  Moffat (Bibl.2), 

is obtained by means of t h e  r e l a t i o n  

cyp d 
Nu = = (0.44. f 0.06) Reos. 

A T t o t  1 
Here, t h e  Reynolds number and t h e  Nusselt number r e f e r  t o  the  wire diameter d. 

Equation (5.2) is val id  f o r  a wire diameter of about 0.2 t o  1.5 mm. 

ence temperature f o r  the  physical constants is the  t o t a l  temperature of t he  gasT 

The refer-  

The correction f o r  heat diss ipat ion i s  obtained i n  a manner analogous t o  

t h a t  used f o r  the  s t a t i c  temperature probe (see Section 4.4). 

6. Compensation of t h e  Radiation Error /28 

I n  measurements with thermocouples m d e  of e l e c t r i c  res is tance materials, 

a simple poss ib i l i t y  exists f o r  eliminating t h e  radiat ion error, namely, feed- 

back of t h e  radiated energy t o  the  themcoup le  by resis tance heating. 

pendence of t h e  radiated heat flux on the  temperature is obtained as follows 

(Bibl.7): 

vessel which is  su f f i c i en t ly  evacuated t o  almost completely prevent heat trans- 

f e r  by convection (about loe3 torr). A t  a great  immersion depth, i.e., a t  a 

depth s u f f i c i e n t  t o  make t h e  heat d i ss ipa t ion  along t h e  themowires from the  

hot junction t o  the  wall negligibly small, t he  heat d i ss ipa t ion  i n  the  v i c i n i t y  

The de- 

A thermocouple, heated by a l te rna t ing  current,  is  placed in to  a 
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of t h e  hot junction takes place only by radiat ion.  The supplied e l e c t r i c  

energy, consequently, m u s t  be i n  equilibrium with t h e  radiated amount of heat. 

P a  Torr I 

Fig.5 Circui t  Diagram f o r  Plot t ing the  Character is t ic  T = f ( 1 )  

By measuring the  thermal potent ia l  and t h e  amperage of t h e  heating current 

i n  t h e  c i r c u i t  diagram given i n  Fig.5, t h e  compensation charac te r i s t ic  T = 

= f (I) w i l l  be obtained (Fig.6) . 
/29 

I n  temperature measurements i n  gases t h a t  are transparent t o  the  heat rays, 

compensation of t h e  radiat ion e r r o r  w i l l  be obtained by ad jus t ing  t h e  required 

heating-current s t rength i n  the  manner required by t h e  temperature reading of 

t h e  t h e m c o u p l e ,  i n  accordance with the  charac te r i s t ic  shown i n  Fig.6. 

t h i s  case, of course, we assume equal external  rad ia t ion  conditions, i.e., the  

s p a t i a l  arrangement, t h e  temperature , and t h e  rad ia t ion  properties of t h e  sur- 

rounding areas must be the  same a s  the conditions i n  t h e  evacuated vessel. 

In  

23 



n 
V 
0 
v 

1300 

I 300 

1100. 

h 

I 

- 

I 

904 1 2 3 4 

1: (amp)- - 
Fig.6 Temperature a t  the  Hot Junction of t h e  Themcouple,  

as a Function of t h e  Heating-Current Strength T = f(1) 

7. Experiments Made 

7.1 Expe rimental  Test Setups 

(30 

The experiments made were t o  determine t h e  local gas temperature a t  the  

exit from a combustion chamber without f i r e  tube. 

state of t h e  combustion chamber, t h e  temperature of one prof i le  p i n t  each was 

A t  an  approximately constant 

measured by means of t he  following probes: 
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a)  S t a t i c  temperature probe of A L O 3 ,  using a PtRh/pt thermocouple as 

data  pickup (Fig.7a) ; 

b) FtRh/R t h e m c o u p l e  i n  transverse flow (Fig.7b); 

c )  ptRh/pt t h e m c o u p l e  i n  transverse flow, coated with AbO, ( F i g . 7 ~ ) ;  

d )  PtRh/Pt thermocouple i n  transverse flow, with compensation of the 

rad ia t ion  e r r o r  (Fig.7d); 

e) Probe with cooled stem (Fig.7e). 

The wall temperature of t he  s t a t i c  temperature probe was determined by a 

filament pyrometer. 

sure  were measured a t  the  t es t  points,  using cooled probes. 

A t  t h e  same time, t h e  t o t a l  pressure and t h e  s t a t i c  pres- 

In  addi t ion,  the  

fue l -a i r  r a t i o  was determined from the  weight rate of flow of a i r  and fuel .  

The experimental r e su l t s  are shown in Fig.8. 

The d i f f e r i n g  tes t  r e su l t s  obtained with t h e  various probes ind ica te  t h a t ,  

without data  correction, an accurate statement as t o  t h e  temperatures prevail ing 

a t  t h e  t e s t  p i n t s  is  impossible. I n  order t o  decide whether t h e  differences 

i n  t h e  t e s t  da ta  are due t o  instrument e r rors  o r  t o  e r ro r s  of method ( fo r  ex- 

ample, t o  c a t a l y t i c  e f f ec t s ) ,  it is absolutely necessary t o  make da ta  correc- 

t ions. 

7.2 Data Corrections Made & 
The da ta  corrections were made as described i n  Section 4. Figure 8 shows 

t h e  corrected values. 

Table 1. 

probe, t h e  determination of t he  Nusselt number was made i n  accordance w i t h  

eq.(4.12a) of Warshawsky, s ince a blunt-weld thermocouple had been used. 

t he  physical constants and A, t he  values f o r  a i r  were used; t he  quant i t ies  c,, 

and H were determined i n  accordance with the  temperature and composition of the  

For a given point, the  calculated values are compiled i n  

In  t h e  correction of t he  t e s t  da ta ,  obtained with a s ta t ic  temperature 

For 
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Fig.7e Thermocouple Probe with Cooled Stem 
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gas. 

& O  and CO, rad ia t ion  was taken in to  consideration s ince the  0, and NZ rad ia t ion  

In determining the  emissivity stat of the  gas body (Bibl.4, 8) ,  only the  

i s  negl igible  i n  the  temperature range i n  question. 

7.3 Heat Balance f o r  t h e  S t a t i c  Temperature Probe 

As a t y p i c a l  example, f o r  t he  test  data  shown i n  Table 1 f o r  which the 

correction was made, the  heat balance of t he  s t a t i c  temperature probe w i l l  be 

given. 

According t o  eq.(4.17), t he  energy supplied t o  t h e  probe jacket by radia- 

t i o n  is as follows: 

The heat t ransferred t o  the  outs ide of t he  protecting tube [eq.(4.19)] w i l l  be 
- 

(7 021 ‘ k c a l  
hr 

- Q a x  ?‘&2k.n.6 x 20 x (1985 - 1730) = 41 - 
Since t h e  influence of f r i c t i o n  i s  negligible a t  the  r e l a t i v e l y  low gas veloci ty ,  

t h e  s t a t i c  gas temperature r a the r  t h a n  the  cha rac t e r i s t i c  temperature T, was 

used i n  t h e  calculation. 

The heat, t ransfer red  by convection t o  the  ins ide  of the  protecting tube, 

i s  obtained i n  accordance with eq.(4.23) as follows: 

(7 -3) Qc i n  = 182.n.4. x 20 X (2020 - 1740) * 12.8 7 k c a l  

The heat t ransferred by radiat ion from t he  thermocouple t o  the  ins ide  /35 
w a l l  of t he  probe [eq.(4.25)] reads 

(7 04) k c a l  , 0 t h  = 380 2 n 0.5 5 lo-’ x 100 0.6 - 
h r  

The thermal energy, radiated by the  protecting tube toward the  outs ide 
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The heat given off by t h e  protecting tube by d iss ipa t ion  [eq.(4.28)] reads 

k c a l  
h r  m deg 

A,, = 56 ; T w r  - To = 50 deg. 

This w i l l  y ie ld  the following expression f o r  t he  heat balance: 

(7.7) = l .  e x  + a  e x  i n  + Q r  t h  

Qf + Q l ' S  

7.4 D scuss on of the  Experimental Results 

The values f o r  the  gas temperature of a p ro f i l e  point, measured with the  

th ree  uncooled probes by the  compensation method and subsequently corrected, 

lead t o  r e s u l t s  that d i f f e r  by only about 2$, as shown i n  Fig.8. This re la t ive-  

l y  good agreement, as a l s o  t h e  r e s u l t  of t he  heat balance (Section 7.3), j u s t i f y  

the  assumption that no e r ro r s  of method a r e  present. 

The presumable cause f o r  t h e  2% deviation might consis t  o f :  

a)  The r e s t r i c t ed  accuracy of t he  heat t r a n s f e r  calculations.  

b )  The r e s t r i c t ed  accuracy of t he  op t i ca l  wall temperature determina- /36 
t i o n  when using a s t a t i c  temperature probe, due t o  the  inhomgeneity 

of the  A1,& . 
c)  The inaccurate determination of t h e  physical constants; t h i s  is t r u e  

spec i f ica l ly  f o r  the  emissivity c: of t h e  probe materials which not 
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only is dependent on the  temperature but a l so  i s  influenced grea t ly  

through possible contamination by the  flame gases. 

The calculated data corrections compiled i n  Table 1 indicate  t h a t ,  a t  the  

ex is t ing  experimental conditions, only the  rad ia t ion  error is of significance.  

The d iss ipa t ion  error, because of t he  great immersion depth (80 mm) of t h e  

probes and t h e  low heat conductivity of t he  A L O 3 ,  is  negl igibly small f o r  a l l  

three probes. A s  expected, the  velocity e r r o r  is  negligibly small f o r  t he  

s t a t i c  temperature probes, and is s t i l l  within the  measuring accuracy i n  t h e  

case of t h e m c o u p l e s  i n  transverse f low,  a t  gas ve loc i t ies  of about 300 m/sec. 

' 

8. summa= Laz 

Within a temperature range of up t o  2000'K, t he  determination of t he  loca l  

gas temperature can be performed with uncooled noble-metal thermels i n  tests on 

air-breathing engines. 

s u l t ,  i n  t h e  case of thermocouples coated with A k O 3 ,  may be extensively falsi- 

f i e d  by ermrs of method, produced by t h e  ca t a ly t i c  a c t i v i t y  of t he  noble 

metals ;  such wrong r e s u l t s  m y  occur spec i f i ca l ly  i n  measurements i n  a tempera- 

t u r e  range below t h e  ign i t i on  temperature of the  fue l -a i r  mixture. 

It must be taken in to  consideration that t h e  t e s t  re- 

The instrument e r ro r s  occurring i n  temperature measurements and produced 

by t h e  gas veloci ty ,  heat diss ipat ion,  and radiat ion,  can be defined by calcula- 

t i o n .  

t h e  p o s s i b i l i t i e s  of a data  correction were described and demonstrated on a 

t y p i c a l  example. 

a n  order  of magnitude of 2%. 

For a s t a t i c  temperature probe and a thermocouple i n  transverse flow, 

It was a lso  shown t h a t  t he  corrected t e s t  data  agree within 

In addi t ion,  a method is  described f o r  eliminating the  rad ia t ion  error, by 

e l e c t r i c a l  feedback of t he  radiated energy t o  t h e  thermocouple, by means of 
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res i s tance  heating. 
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